Genes encoding odorant-binding protein (OBP) form a large family in an insect genome.
INTRODUCTION
Genes involved in the animal chemosensory system, such as the olfactory and gustatory receptor-encoding genes, tend to form large families in a genome. Size differences in these multigene families among animal species were explained by differences in selection pressure maintaining functional genes (selection model). For example, the higher proportion of olfactory receptor pseudogenes in monkeys was explained by the acquisition of full trichromatic color vision that reduced the dependence of these species on olfactory cues (Gilad et al. 2004) . Also, the loss of gustatory receptor functions in primates was suggested to be the result of changes in the environment and species-specific food preference (Go et al. 2005) .
With the completion of many genome sequences, however, comparisons of genomic data have raised a question on whether all the differences in multigene-family size are consequences of selection. Alternatively, they might be caused by merely a stochastic gain and loss of genes (birth-and-death model) . Indeed, results from genome analyses revealed that, at least in part, the size difference in multigene families between species can be explained by neutral evolution (Karev et al. 2003; Karev et al. 2004; Reed et al. 4 2004; Hahn et al. 2005; De Bie et al. 2006; Rudnicki et al. 2006) . Such theories claim that the size difference in multigene families is not a consequence, but a cause of evolutionary changes in phenotypes (Nei 2005) .
These two models, however, may not look at the same phenomenon. It is known that genes generated by a duplication undergo two successive but distinct stages of evolution (Lynch and Conery 2000) . At the earlier stage, the two genes are functionally identical, and tend to be reduced to single by degeneration of either gene. Once they have functionally diverged from each other, however, both genes independently contribute to fitness, and selection pressure maintains the two genes stably for long term. The selection model of gene-family evolution may explain differences at the later stage, while the stochastic birth-and-death model may fit to events occurring at the earlier stage. Thus, it is important to know which stage contributes more to the size difference between the gene families of interest, because it influences the conclusion of analyses.
Genes encoding odorant-binding proteins (OBP), secreted molecules function in insects' chemosensilla, form a large family in an insect genome. In the Drosophila melanogaster genome, there are ~50 OBP genes; this number is comparable to that of odorant 5 receptors and gustatory receptors (Galindo and Smith 2001; Graham and Davies 2002; Hekmat-Scafe et al. 2002) . Similarly to those of the chemoreceptor gene families, the size of the OBP gene family also varies between species, indicating that OBP genes are under the control of the same kind of evolutionary mechanisms that determine the sizes of chemoreceptor gene families (Xu et al. 2003; Forêt and Maleszka 2006) . Two OBP genes, Obp57d and Obp57e, have been identified to be responsible for species-specific host-plant preference in Drosophila sechellia (Matsuo et al. 2007 ).
These genes are supposed to be under the selective pressure by ecological conditions, and the ir evolution might have affected the behavior also in other species. Here, by comparing the genomic sequences at the Obp57d/e locus from 27 Drosophila species, we revealed the rapid evolution of the two OBP genes that resulted in gene number differences between species. The differences were divided into two classes: the difference of the genes at the early stage of evolution after gene duplication, and the difference of the genes that have functionally diverged from each other. Our findings demonstrate the utility of the comparative analysis of many genomic sequences from closely related species, for discrimination between these two classes of differences.
MATERIALS AND METHODS

Dot-plot analysis:
Dot-plot analysis between D. melanogaster and D. pseudoobscura genomic sequences was carried out using Dotlet 1.5 with the following settings: window size = 59 and threshold = 30 (Junier and Pagni 2000) .
Fly stocks:
The fly stocks used in this study are listed in Table 1 . All the stocks are maintained in our laboratory, except for D. melanogaster and D. pseudoobscura, whose genomic sequences were obtained from FlyBase (Release 5.1 and 2.0, respectively).
Sequencing of the Obp57d/e region: The Obp57d/e genomic region was amplified by PCR with KOD plus enzyme (TOYOBO, Japan) using the primers P1 5'-AGCCACAAACTGGAGGACAG-3' and P2 5'-GCCTCCAGGCCGTCGAACTC-3' that recognize highly conserved regions between GA14778 and CG18066, and GA15677 and CG30148, respectively. For all the fly species, a single band was obtained.
The PCR-amplified fragment was purified using a QIAquick spin column (QIAGEN) and directly sequenced with the primers listed in supplemental Table S1 . PCR amplification was independently carried out at least three times for each species and the 7 most frequent observation was adopted when there was inconsistency among replicates.
D. simulans, D. sechellia, and D. mauritiana sequences were previously deposited in the DDBJ (Matsuo et al. 2007 ).
ORF identification:
The genomic sequences at the Obp57d/e region were searched for second exons (ORF) using an OBP signature cystein motif (C-X 10 -C-X 8 -C). First exons (ORF) were determined among possible ORFs using the following criteria: starts with ATG, length is sufficient (> 50 bp), and exon-intron boundary can be assigned to form in-frame connection with the corresponding second exon. By using these criteria, the first exon and the exon-intron boundary could be uniquely determined for every second exon found by using the C-X 10 -C-X 8 -C motif.
Amino acid sequence analyses: Alignment and phylogenetic analys es of the deduced amino acid sequences were carried out using the MEGA3.1 sequence analysis package (Kumar et al. 2004) . The signal peptide sequence was predicted using SignalP 3.0 (Bendtsen et al. 2004) . The ancestral amino acid sequence at each internal node was inferred by the maximum parsimony (MP) method (Fitch 1971 ). An original script running on the R statistical package was used for ancestral state inference and for 8 counting the number of amino acid substitution events for each site (see supplemental materials for the script and a detailed description). Type I and II functional divergences between Obp57d and Obp57e were examined using DIVERGE 2.0 (Gu and Velden 2002; Gu 2006) .
RESULTS
Gene number difference between species at Obp57d/e locus: In the Drosophila melanogaster genome, genes encoding odorant-binding protein (OBP ) form clusters on each chromosome (Graham and Davies 2002; Hekmat-Scafe et al. 2002) . One of the two OBP gene clusters at cytological position 57 of the second chromosome consists of Obp57d and Obp57e ( Figure 1A ). These two genes are tightly surrounded by CG18066 and CG30148, forming a gene-dense region. The p osition and order of these surrounding genes are conserved in the D. pseudoobscura genome, but there is only one OBP gene (GA15675) between GA14778 and GA15677, the orthologues of D. melanogaster CG18066 and CG30148, respectively ( Figure 1B elegans) have more than two OBP genes in this region (Figure 2 ). Figure 3 shows the minimum evolution (ME) tree of the deduced amino acid sequences of the OBP genes. Obp57a and Obp57b in D. melanogaster were used as the outgroup.
The OBP genes in the obscura group branched first, then the other OBP genes formed two major clades, which correspond to D. melanogaster Obp57d and Obp57e. The two clades seem to be equally diverged from the OBP genes in the obscura group, indicating that Obp57d and Obp57e are generated by a gene duplication event at the very early stage of evolution of the melanogaster group. 
Site-specific analysis of functional constraint against amino acid substitution:
Obp57d or Obp57e knock-out flies showed similar changes in behavioral response to octanoic acid, indicating that these two OBP genes, at least in part, share the same function in perception of octanoic acid (Matsuo et al. 2007) . We searched for amino acid sites that are conserved between Obp57d and Obp57e. For the analysis, we selected species with single copies of Obp57d and Obp57e genes, to ensure better conservation of functions in each gene ( Figure 5A ). A bifurcating tree is not adequate to describe the phylogenetic relationship between the selected species. Thus, we employed the multibranched tree for ancestral state inference by the maximum parsimony ( MP) method, and the substitution events at all branches were counted. The total numbers of substitutions were almost the same between Obp57d and Obp57e, indicating that the strength of overall constraints on these two genes are equivalent to each other (Table 2 ).
When the distribution of the number of amino acid substitutions at each site was analyzed, 16 sites were conserved, being beyond the expectation by the negative binomial distribution (see supplemental Figure S1 ). Amino acids at these sites are shown with those in D. pseudoobscura and D. obscura (Table 3 ). In addition to the six OBP-signature cysteines, three sites at positions 59, 97, and 124 are conserved between the obscura and melanogaster group s. They are the candidates for the amino acids that determine the common function between Obp57d and Obp57e.
Functional divergence between Obp57d and Obp57e: The ME tree of the amino acid sequences supported the two clades representing Obp57d and Obp57e (Figure 3 ). To examine whether this pattern reflects the functional divergence between the two genes, we tested the site-specific difference in evolutionary rate between the two clades using DIVERGE (Gu and Velden 2002; Gu 2006) . The software examines two types of functional divergences: type I functional divergence in which the site-specific evolutionary rate is different between two clades, and type II functional divergence in which functionally different amino acids are conserved at the corresponding sites 13 between two clades. In general, the type I functional divergence is observed when the functional constraint on particular sites were lost in either clade and maintained in the other clade; thus it reflects subfunctionalization of the duplicated genes. On the other hand, the type II divergence is observed when a novel functional role was acquired at particular sites in either clade; thus it reflects neofunctionalization of either gene (Gu and Velden 2002; Roth et al. 2007) . Because the software accepts only bifurcating trees, we tested two tree shapes that approximate the actual topology between the species ( Figure 5BC ). By combining maximum-likelihood estimation with ancestral sequence inference to avoid underestimation caused by multiple substitutions at a single branch, DIVERGE gave a larger estimation of the substitution number per site than that shown in Table 2 (Table 4 ). The coefficients for type I functional divergence ( θ I ) between Obp57d and Obp57e are significantly different from zero for both trees 2 and 3, showing that the site-specific evolutionary rate differs between the two clades. On the other hand, the coefficients for type II functional divergence (θ II ) are not significantly different from zero, showing that there is no site-specific shift of amino acid property between the two clades. These results suggest that the functional divergence between Obp57d and Obp57e is achieved by subfunctionalization of the ancestral functions in both genes.
14 We further examined which site is responsible for the type I functional divergence. Figure 6 shows plots of the number of substitutions and posterior probability of type I divergence at each site. The highest probability was observed at the sites where the number of substitutions highly differed between Obp57d and Obp57e. Among those sites with a probability of type I divergence above 0.8, six were completely conserved in either clade and substituted four times or more in the other clade (Table 5 , site positions indicated with asterisks). These are candidates of the responsible sites for functional divergence between Obp57d and Obp57e.
In the subfunctionalization of duplicated genes, ancestral functions before duplication are divided into duplicated genes (Roth et al. 2007) . Concerning Obp57d and Obp57e, the obscura group preserves a single OBP gene that is supposed to retain ancestral functions. We examined whether the cluster-specifically conserved amino acids in the melanogaster group are also conserved in the obscura group. Among the 19 sites that are cluster-specifically conserved in the melanogaster group, only 7 are conserved in the obscura group (Table 5 ). This denotes that at the other 12 sites, evolutionary rate decreased after gene duplication. In other words, these 12 sites seem to reflect the newly acquired functional constraints in Obp57d and Obp57e, which did not exist in the ancestral OBP gene. However, it is possible that the OBP gene in the obscura group did not preserve the ancestral functions completely, and some of the ancestral functions have been lost.
DISCUSSION
Specifically conserved amino acids in Obp57d and Obp57e: In general, OBP genes evolve rapidly. Comparisons of OBP genes in the D. melanogaster genome revealed that the difference between amino-acid sequences of the OBP genes is so large and saturated that the phylogenetic relationship between the OBP genes is not resolved (Graham and Davies 2002; Hekmat-Scafe et al. 2002) . There are only three conditions that define OBP : 1) OBP has a signal sequence to be secreted. 2) OBP has six alpha-helical domains. 3) OBP has six cysteines at particular intervals that are necessary for appropriate conformation. Most of the other sites in the OBP genes are not to be conserved at the amino acid level (Galindo and Smith 2001; Graha m and Davies 2002; Hekmat-Scafe et al. 2002) .
Because most OBP genes in a genome are supposed to have diverged from others in function, the comparison of the amino acid sequences of OBP genes within a genome is not effective for elucidating the relations hip between the structure and specific function of each OBP. Thus, it is more preferable to compare orthologues from closely related but different species, which are expected to retain the same function, e.g., ligand
repertoire. By comparisons of the ortho logous genes from many species, we found conserved amino acids in both Obp57d and Obp57e. They might be the key sites for the specific functions shared by these two genes. We also found type I functionally diverged sites between the two OBP genes. They are possibly the key amino acids responsible for the specific functions of each OBP. (Table 3 ). The specific condition for OBP genes needs to be considered to understand those observations. Because the most sites in OBP genes are evolutionarily free, acquisition of a novel function after gene duplication might be observed as an increase of functional constraints at the sites that had been free before duplication. Such site-specific differences of evolutionary rate will be detected as type I divergence, but in this case, it should be related to neofunctionalization rather than N, C, and R are the numbers of sites that display no difference, conserved difference, and radical differences in amino acid property between the two clades, respectively. among Obp57d and Obp57e in all the species used in the site-specific analysis (see Table 3 ). Blue boxes indicate the clade-specifically conserved amino acids (see Table   5 ). Obp57d and Obp57e sequences in the selected species (see Table 3 
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